Abstract: Many colour ornaments are composite traits consisting of at least four components, which themselves may be more complex, determined by inde-pendent evolutionary pathways, and potentially being under different environmental control. To date, little evidence exists that several different components of colour elaboration are condition dependent and no direct evidence exists that different ornamental components are affected by differ-ent sources of variation. For example, in carotenoid-based plumage colour-ation, one of the best-known condition-dependent ornaments, colour elaboration stems from both condition-dependent pigment concentration and structural components. Some environmental flexibility of these compo-nents has been suggested, but specifically which and how they are affected remains unknown. Here, we tested whether multiple colour components may be condition dependent, by using a comprehensive 3 9 2 experimental design, in which we carotenoid supplemented and immune challenged great tit nestlings (Parus major) and quantified effects on different components of colouration. Plumage colouration was affected by an interaction between carotenoid availability and immune challenge. Path analyses showed that carotenoid supplementation increased plumage saturation via feather carot-enoid concentration and via mechanisms unrelated to carotenoid deposition, while immune challenge affected feather length, but not carotenoid concen-tration. Thus, independent condition-dependent pathways, affected by dif-ferent sources of variation, determine colour elaboration. This provides opportunities for the evolution of multiple signals within components of ornamental traits. This finding indicates that the selective forces shaping the evolution of different components of a composite trait and the trait's signal content may be more complex than believed so far, and that holistic approaches are required for drawing comprehensive evolutionary conclu-sions. 
Introduction

55
The idea that color ornaments are composite traits determined by different evolutionary 56 pathways has become increasingly relevant (Badyaev et al., 2001; Badyaev, 2004 ; 57 Grether et al., 2004; Jacot et al., 2010; Svensson & Wong, 2011) . In particular, it has 58 been proposed that carotenoid-based coloration, one of the best-known, condition-59 dependent ornaments, is determined by at least four distinct components: pigment 60 elaboration, patch area, pigment symmetry, and patch area symmetry (Badyaev et al., 61 2001; Badyaev, 2004) . While research has mainly focused on these classic four 62 components, few studies have investigated whether those components may be more 63 complex, and whether independent condition-dependent pathways may determine their 64 expression. For example, pigment elaboration, originally defined as "type and quantity 65 of carotenoid pigments deposited in growing feathers" and measured as color hue (i.e. 66 pigment hue, Badyaev et al., 2001) , includes independent effects of pigments and 67 feather background structure (Shawkey & Hill, 2005; Jacot et al., 2010) . Here, we 68 therefore use a more general terminology, that corresponds to this measure of pigment 69 elaboration (i.e. color hue), namely color elaboration, which does not make any 70 assumptions about how coloration is determined (note that color elaboration strictly 71 refers to the color per se, excluding the extent or symmetry of the coloration, and is 72 independent of the quantification method). Likewise, patch area ("the area of plumage 73 (i.e., number of feathers) with carotenoid pigmentation", Badyaev et al., 2001 ) may 74 depend on individual feather characteristics (e.g. feather width, feather length, feather 75 shape), number of feathers and feather arrangement (Quesada & Senar, 2006) . It has 76 been observed that different aspects of fitness could be associated with individual 77 components of color elaboration (Badyaev et al., 2001 ). However, evidence that these 78 components may be determined by independent condition-dependent pathways is 79 5 indirect (Jacot et al., 2010; Matrkova & Remes, 2012) . Thus it is unknown whether 80 different components may be under independent selection, which could potentially 81 explain why carotenoid-based coloration preserves an important amount of phenotypic 82 variability (Tolle & Wagner, 2011) . 83
Carotenoid pigments are the main sources of the red, orange and yellow colorations 84 present in many taxa, including fish, amphibians, reptiles, mammals, birds, crustaceans, 85 and insects. The degree of carotenoid deposition is an important determinant of 86 carotenoid-based color elaboration (Hill, 1992; condition Hill, 2000) and it may provide advantages in 100 intra-and intersexual selection (i.e. mating success, Hill, 1999) (Slagsvold & Lifjeld, 1985; Hill, 1991; 1992 ; 108 Andersson, 1994) . Since animals cannot synthesize them de novo, the production of 109 carotenoid-based ornamentation is costly and so honesty 110 assured (Zahavi, 1975) . 111
Most research on the signaling properties of carotenoid-based plumage coloration has 112 focused on how condition-dependent color variation is caused by differences in 113 carotenoid concentration. In contrast, our experiment investigated whether different 114 condition-dependent components exist (among components of carotenoid-based color 115 elaboration), and whether they may reflect alternative and independent evolutionary 116 pathways. Using path analyses we assessed the relative importance of different 117 condition-dependent pathways and the relationships among different components. 118
Unlike previous studies, we considered a wide range of potential color determinants, 119 including structural aspects of feather design and carotenoid concentration, and 120 investigated how carotenoid supplementation and immune challenge affected these 121 components, the different measures of feather coloration, and thereby color elaboration. 122
The effect of pigment concentration on carotenoid-based coloration has been broadly 123 studied (see above), but the role of structural contributions to plumage color elaboration 124 is incomplete. Among structural features, it has been demonstrated that feather overlap 125 modifies coloration (Quesada & Senar, 2006) . Evidence that color elaboration is 126 affected by condition-dependent variation in feather overlap, under natural conditions, is 127 lacking. Similarly, two studies have shown that structural aspects may be condition-128 dependent, but it is unclear exactly which components are those and which their7 determinants are (Jacot et al., 2010; Matrkova & Remes, 2012) . Moreover, the 130 activation of the immune system has been shown to alter color expression, through a 131 mechanism different from the proposed trade-off in carotenoid allocation between 132 immune function and coloration (Fitze et al., 2007) 
Methods
159
Species description
160
The great tit is a widespread small hole-nesting passerine that breeds in woodlands and 161 gardens across all Europe. Males and females show yellow ventral feathers, a black 162 breast stripe, black head and neck, prominent white cheeks and olive-green upperparts. 163
Yellow breast coloration develops early in life Switzerland. The experimental design and further methodological details are described 176 elsewhere (Fitze et al., 2007) . To assess whether one or multiple pathways affect 177 carotenoid-based plumage coloration, we carried out an intra-nest experiment on 178 nestling great tits testing for a trade-off in carotenoid allocation between coloration and 179 immune function. Nestlings were randomly assigned to two crossed treatments, namely10 carotenoid supplementation and immune challenge, using a two-factorial design with 181 three and two factor levels, respectively. 182
Carotenoid supplementation
183
The carotenoid treatment comprised three treatment groups, consisting each of two 184 randomly chosen nestlings per nest. A first group, the βLZ group (β-carotene, lutein, 185 zeaxanthin), was fed 2.6 mg (±0.25 mg) β-carotene beadlets (containing 8% β-carotene) 186 and 17 mg (±0.25 mg) lutein/zeaxanthin beadlets per feeding (containing 5.58% lutein 187 and 0.44% zeaxanthin; Hoffmann-La Roche, Basel, Switzerland), which represents the 188 carotenoids occurring in the natural diet of great tits (Partalli et al., 1987) . A second 189 group, the LZ (lutein, zeaxanthin) group, was fed 2.6 mg carotenoid free beadlets and 190 17 mg (±0.25 mg) lutein/zeaxanthin beadlets per feeding, which represents the 191 carotenoids present in great tit feathers (Partalli et al., 1987) . After taking a photograph we collected 20 yellow breast feathers from the upper left 218 breast of each nestling. Feathers were kept in hermetic plastic bags and stored in the 219 dark until measurement. In the laboratory, we measured feather reflectance using an 220
Ocean Optics USB4000 spectrophotometer (range 200-850 nm; Dunedin, FL, USA) 221 with a light source (DT-MINI-2-GS) that provided light in the UV and visible range. 222
We used a reflection probe (QR400-7-UV/VIS) fixed on a reflection probe holder 223 (RPH-1) that excluded ambient light and allowed to measure reflectance at an angle of 224 90°. Reflectance was measured with respect to a white (WS-1, Ocean Optics) and a 225 black standard (black photographic cloth with no light reflectance across all 226 wavelengths). We placed five feathers on top of each other and used as a background 227 the same black photographic cloth. For each nestling, we took five measurements of the12 feather tip on the dorsal side of the feather in an area of approximately 1mm 2 and for 229 each measurement we alternated the order of the feathers in the pile (Jacot et al., 2010) . 230 We computed the average reflectance of the five measurements and thereafter derived 231 five indices describing the feather's coloration following Jacot et al. (2010) . We 232 calculated (1) 'background reflectance' corresponding to the absolute reflectance 233 between 575-700nm (R 575-700nm ) and being a carotenoid-independent proxy of the 234 feather's white background structure (Jacot et al., 2010) , (2) 'absolute carotenoid 235 chroma', a background structure-independent measure of carotenoid concentration 236 (R 400-515nm / R 575-700nm ) (Jacot et al., 2010) , (3) UV-reflectance (R 300-400nm ,) (Bennett & 237 Cuthill, 1994), the total amount of light reflected in the UV, (4) 'R UVpeak', the 238 wavelength of peak reflectance in the UV (Bleiweiss, 2005) , and (5) 'UV chroma', 239 corresponding to the proportion of light reflected in the UV while controlling for 240 differences in background structure (i.e. R 300-400nm / R 575-700nm (Jacot et al., 2010) (Fig. 1) . 241
Photospectrometric measurements quantified feather coloration and thus color variation 242 arising from pigments and structural feather components, and they were independent of 243 feather density. 244
Structural measurements
245
To understand whether and how feather design affects feather coloration we measured 246 four structural components, namely feather length, barb density, feather opacity, and 247 developmental stage of all feathers used for the spectrophotometric analyses. 248
Feather length
249
Total feather length was measured manually with a ruler (± 0.5 mm) and corresponds to 250 the straightened shaft length. We also measured the length of the different feather parts 251 13 along the feather shaft (Fig. S1 of the supporting information), including the length of 252 the yellow, white, and black colored parts and of the calamus. 253
Barb density
254
For each of the measured feathers, we determined the barb density by counting the 255 number of barbs in the uppermost 5 mm of the yellow tip of the feather. This area 256 includes the spot where the spectrophotometric measurements were taken. 257
Feather opacity
258
All feathers used for the spectrophotometric measurements were individually 259 photographed under standardized conditions using the same photographic setup as for 260 nestlings (Fitze & Richner, 2002) . In brief, feathers were put on black photographic 261 cloth within a small box and pressed against a UV-photographic filter lens. This box 262 was placed in a standard position inside a larger opaque camera box and photos with 263 standardized light exposure and size were taken. Photos were imported into ImageJ 264 (Rasband, 1997) and two different measures of feather opacity were obtained, 1) one-265 barb surface coverage and 2) the opacity of a feather area (Fig. S2) . One-barb surface 266 coverage measures the contribution of a single barb to feather opacity, while opacity of 267 the feather area, hereafter referred to as 'feather opacity', corresponds to the surface 268 proportion covered by the barbs and barbules of the measured feather area. Prior to the 269 analysis, all photos were transformed into 8-bit black and white photos. To measure 270 area opacity we selected an area of 30 x 30 pixels within the yellow distal feather part. 271
For all feathers, the center of the square coincided with the point where the uppermost 272 barb branched off from the rachis and the sides of the sampled square were aligned 273 parallel to the shaft. We then used a grey threshold (for all feathers the same threshold) 274 to determine the percentage of the 900 pixels covered by the feather barbs and barbules. 275 14 For determining one-barb surface coverage we selected an area of 30 x 30 pixels in the 276 middle of the barb (between the shaft and the barb tip) where no other barbs overlapped. 277
The square was parallel aligned with the ramus and it completely fell within the barb's 278 contour line. Surface coverage was measured using the method applied for feather 279 opacity. 280
Developmental stage
281
Since feather development may affect opacity and feather length, and thereby feather 282 coloration, we assigned 'development' scores to each feather used for the spectrometric 283 measurements. Feather development was measured using a discrete scale consisting of 5 284 levels ranging from 0 to 4 (i. e. 0 = undeveloped feather, 4 = completely developed). white, or black colored feather parts the hierarchy was not clear and thus we also 327 modeled the backward effect. Similarly, for components of the same hierarchical levels 328 it was not clear whether and in which direction they affected each other and thus we 329 allowed for effects in both directions. The resulting diagram (Fig. 2) shows all effects 330 supported in ≥75% of all path models, including intermediate models resulting from 331 backward elimination. 332
The path diagram was based on ten randomly chosen nests (n = 58 individuals). This 333 was because HPLC analyses and structural feather measurements were based on this 334 subset. Analyses on plumage coloration and feather coloration were conducted using 335 both the subset and the full sample size of 295 individuals, from 54 nests. For 336 comparisons between individuals belonging (1) or not (0) to the subset, we modeled 337 subset as a factor. There were no significant differences in body size and body condition 338 between subsets and no significant interactions between the applied treatments and 339 subsets (all P > 0.5). 340
341
Results
342
Interaction between carotenoid supplementation and immunization
treatment
344
There was a significant interaction between carotenoid supplementation and 345 immunization on plumage saturation, plumage brightness (Table 1, Fig. 3) , and one 346 barb surface coverage (F 2, 43 = 3.75, P = 0.032, 7.6% of variance explained). There was 347 also a significant interaction in plumage saturation ( 
Carotenoid supplementation
358
Effects on plumage coloration 359
There was a significant effect of carotenoid supplementation on plumage hue and 360 saturation, but not plumage brightness (Table 1, Fig.3 ). Plumage hue was lower in the 361 LZ compared to the βLZ (LSMeans contrast: F 1, 46 = 4.96; P = 0.031) and the C group 362 (LSMeans contrast: F 1, 46 = 15.21; P < 0.001) and tended to be lower in the βLZ 363 compared to the C group (LSMeans contrast: F 1, 46 = 2.99; P = 0.080). Thus, LZ and 364 potentially also βLZ nestlings produced plumages with more orange tones. Plumage 365 saturation of the carotenoid supplemented groups was significantly higher than in the C 366 group in both immunization groups (F 1,43 ≥ 28.67; P < 0.001) and it was significantly 367 higher in the LZ group compared to the βLZ group, in the CI group (F 1,43 = 4.42; P = 368 0.041; also see Table 1 ). Similar results were found when using the entire data set 369 (effects of carotenoid supplementation on hue: F 2,216 = 38.89; P < 0.001; saturation: 370 F 2,216 = 102.23; P < 0.001; brightness: F 2,216 = 2.09; P = 0.126; Table S1 ). 371
Effects on feather coloration 372
Carotenoid supplementation significantly affected 'absolute carotenoid chroma' in both 373 data sets (Table 1, (Table 1,  378 F 2,215 = 0.96; P = 0.382). In the subset, carotenoid supplementation significantly 379 affected 'UVchroma', but not UV-reflectance and 'R UVpeak' (Table 1) . However, when 380 using the full dataset, carotenoid supplementation significantly affected all three 381 variables (all F 2,215 ≥ 5.38; P ≤ 0.005, ≥ 2.4% variance explained, Table S1), as 382 predicted by a previous study (Jacot et al., 2010) . This indicates that detecting 383 carotenoid effects on UV properties requires large sample sizes because carotenoid 384 reflectivity is relatively small in the UV wavelength. Group C showed significantly 385 more UV-reflectance, higher 'UVchroma', and higher 'R UVpeak ' than the LZ and the 386 βLZ group (all LSMeans contrasts: P < 0.05). There were no significant differences 387 between the LZ and the βLZ group (all LSMeans contrasts: P ≥ 0.1). 388 We carried out an experiment using great tits, testing whether different components of 443 color elaboration are determined by multiple and/or independent pathways of condition-444 dependency and whether they mirror different sources of condition-dependency. We 445 analyzed treatment effects on the different components affecting coloration and 446 determined their relative contribution to intraspecific variance in color elaboration using 447 path analyses. Immune challenge reduced plumage saturation in the βLZ group (Fig. 3) , 448
, which is in line with the proposed trade-off in carotenoid allocation, and suggests that 449 nestlings with an activated immune system (those of the βLZ group, see Fitze et al., 450 2007) used less carotenoids for coloration. However, only pigment availability 451 (carotenoid supplementation), but not immune challenge or their interaction, affected 452 feather carotenoid concentration and 'absolute carotenoid chroma' (Table 1) . Therefore, 453 the interactive effect on color elaboration (saturation) was carotenoid-concentration 454 independent. This confirms that the proposed trade-off between coloration and immune 455 function for rare carotenoids does not account for reduced plumage saturation in 456 that do not take into account the hierarchy of the color determinants shown in Fig. 2 . 507
This suggests that immunization effects on plumage coloration caused by reduced 508 feather length may have been cancelled out due to opposing effects of other components 509 of plumage coloration and thus that complex interactive effects may exist, that are not 510 necessarily consistent across environments (Sillanpää et al., 2010) . None of the 511 treatments affected 'background reflectance' even though it has been shown to be partly 512 
